The influence of pH on the growth parameters of and the organic acids produced by Clostridium sporogenes 3121 cultured in test tubes and fermentors at 35C was examined. Specific growth rates in the fermentor maintained at a constant pH ranged from 0.20 h'1 at pH 5.00 to 0.86 h-1 at pH 6.50. Acetic acid was the primary organic acid in supernatants of 24-h cultures; total organic acid levels were 2.0 to 22.0 MmolIml. Supernatants from pH 5.00 and 5.50 cultures had total organic acid levels less than one-third of those found at pH 6.00 to 7.00. The specific growth rates of the test tube cultures ranged fromi 0.51 h-' at pH 5.00 to 0.95 h-1 at pH 6.50. The pH of the medium did not affect the average total organic acid content (51.5 ,mol/ml) but did afrect the distribution of the organic acids, which included formic, acetic, propionic, butyric, 3-(phydroxyphenyl)propionic, and 3-phenylpropionic acids. Butyric acid levels were lower, but formic and propionic acid levels were higher, at pH 5.00 than at other pHs.
Clostridium botulinum growth in foods usually results in overt spoilage due to the production of gas, volatile organic acids, and proteolytic enzymes. Failure to find signs of spoilage is not, however, sufficient grounds on which to assume that toxin is absent (23) . Toxin can be produced before the product becomes organoleptically objectionable in cured meats with a brine concentration of 6 to 7% salt (12) . An average of 25 cases of botulism per year (4) indicates that C. botulinum can produce toxin without making the food totally unpalatable.
Cultural conditions influence gas and protease production by C. botulinum (17) . The inhibition of gas production by a low pH suggested an influence of pH on botulinal physiology and on the production of other microbial metabolites. Many studies have been done on the composition of fermentation products with the aim of developing tools for species identification (8, 9, 13) or presumptive indicators of botulinal growth (1, 15) . Although medium composition is a major determinant of which organic acids are produced (1, 25) , there are, to our knowledge, no reports on the influence of extrinsic factors such as pH on organic acid production. The objectives of this study were to determine the influence of pH on C. sporogenes growth parameters and organic acid production. This species was used as a model for C. botulinum because the fermentation products of C. botulinum toxigenic strains are indistinguishable from those of atoxigenic strains or of C. sporogenes strains cultured in the same medium (15) . The use of C. sporogenes eliminated the rigorous safety precautions required by studies of C. botulinum. In addition to investigating the physiology of C. sporogenes at constant pH in a fermentor, we conducted parallel studies in which only the initial pH was defined, since growth without pH control more closely approximate microbial growth in foods. * Organic acid production. The method of Guerrant et al. (13) was not completely satisfactory because, in our hands, formic acid was not resolved from fumaric acid. In addition, the sample analysis time exceeded 80 min. Operating the column at 60°C resulted in baseline separation of fumaric and formic acids and allowed tuns to be completed in 49 min.
Fumaric, formic, acetic, propionic, isobutyric, and butyric acids and 3-ph4p and 3-4p were detected in the fermentation broths. An additional nine unidentified peaks occurred with regularity. However, the area of the unidentified peaks represented less than 20% of the total integrated area in chromatograms from the fermentor samples. Less than 9% of the peak area was unidentified in chromatograms from the test tube supernatants. The uninoculated medium contained trace amounts of isobutyric acid and 3-Xp. Acetic acid was present at 11.2 p.mol/ml. This value was subtracted from the amount of acetic acid found in the culture supernatants to give corrected values for production of acetic acid (Tables 2  and 3 ).
The response factor of the high-pressure liquid chromatographic detector for simple organic acids, such as formic, acetic, propionic, and butyric acids, was 1.3 x 10-7 to 1.5 x 7 .00 test tube sample had many major peaks (Fig. 1) , quantitatively, acetic and butyric acids were the major organic acids (Table 3) . Fumaric acid was detected in all of the fermentation broths, but in quantities of less than 0.001 ,umol/ml. Neither lactic acid nor mercaptopropionic acid was detected in any of the fermentation broths.
pH did have an affect on both the nature and amount of organic acids produced in the fermentor. The amount of formic acid was fairly ronstant (0.8 p.mol/ml) at pH 7.00 to 5.50 (Table 3) . The decrease at pH 5.00 was probably due to the lower cell density (Table 1) . Acetic acid production was high at pH 6.00, 6.50, and 7.00 but negligible at pH 5.5 and 5.0. Concentrations of butyric acid inreased from an undetectable level of pH 7.00 to 8.6 pmolIml at pH 6.00 and then decreased at lower pHs. Butyric acid was, however, the major organic acid identified at pH 5.50. The total levels of identifiable organic acids were comparable at the neutral pHs but markedly lower at pH 5.50 and 5.00. It is quite likely that volatilization influenced the amount of acids in the sparged fermentors, especially since pH did not affect total acids in the closed test tubes.
Formic, acetic, propionic, isobutyric, and butyric acids and 3-phXp and 3-+p were detected in supernatants of test tube cultures at all pHs examined. The total concentration of identifiable organic acids was similar under all pH conditions (Table 3) . Acetic acid was produced in quantities of >10 ,umol/ml in all of the fermentation broths. Shifts in fermentation products occurred with changing pH. The butyric acid 6 .0 to 7.0. The maximum specific growth rate in this study was higher, probably because incubation took place at 35°C rather than 30°C. C. botulinum has been reported to grow most rapidly between pH 6.5 and 7.0 (3, 18) . Thus, our observations on the effect of pH were not unexpected. What was unexpected was that test tube cultures grew faster than fermentor cultures, especially at low pH. Whereas the growth rate of C. sporogenes in test tubes at pH 5.00 was 0.5 h-1 (higher than that observed by Pang et al. [20] under optimal conditions at 30°C), the specific growth rate in the fermentor was only 0.2 h-1.
The highest final cell densities occurred in the pH 6.00 and 5.50 fermentor cultures. At these pHs and above, all of the glucose in the medium was consumed. The lower cell densities at pH 7.00 and 6.50 were probably due to cell lysis, which is pH dependent in C. botulinum (18) . In test tube cultures, glucose utilization was incomplete; final cell densities were lower than those in the fermentor.
Because the closed system with uncontrolled pH appeared to be a better model than a fermentor for examining the physiology of a food-borne microbe, only the test tube culture results will be discussed further. Despite the widely recognized influence of medium on fermentation products (1, 25) , the chromatograms of C. sporogenes supernatants (Fig. 1) were qualitatively similar to those obtained by Guerrant et al. (13) for Peptostreptococcus anaerobius cultured in peptone-yeast extract-glucose medium.
The organic acids detected in this study were formic, acetic, propionic, and butyric acids and 3-ph4)p and 3-+p. These are products of glucose (14, 24, 26) and amino acid (2, VOL. 49, 1985 on July 6, 2017 by guest http://aem.asm.org/ Downloaded from 11, 16, 19, 21, 22) catabolism. Other investigators have reported that butyric (1, 16, 25) , isovaleric (9, 25), 4-methylvaleric, 3-methylbutyric, 2-methylpropionic (1), isobutyric, isocaproic (25) , pyruvic, n-caproic (9), aminovaleric (16) , and lactic (5) acids could be detected in supernatants of C. sporogenes or C. botulinum grown in various media. Production of formic acid has not previously been reported for C. sporogenes or C. botulinum. The increased level of formic acid at low pH is consistent with our earlier observation that gas production is inhibited at pH 5.0 and is probably due to inhibition of formate lyase under acidic conditions. Production of 3-4p in P. anaerobius and C. difficile and 3-phXp in P. anaeroblus has been reported elsewhere (13) . These organic acids are products of the Stickland reaction when tyrosine or phenylalanine are substrates.
The data presented are indicative only of the metabolic status of cells at the time (in this case, early stationary phase) of sampling. Day and Costilow (6) have observed that, upon sporulation, acetic acid levels decrease and valeric acid begins to accumulate. Because the Stickland degradation of proline and alanine furnishes the exogenous energy source for forespore maturation (7), higher levels of propionic and aminovaleric acids might also be found in sporulating cultures.
